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Invasions by alien understory plant species have gradually become a worldwide challenge in
maintaining forest biodiversity and ecosystem productivity. Notably, Microstegium vimineum, a
C4 grass native to Japan, has increased dominance in mixed deciduous hardwood forests of the
southeastern United States, largely due to its shade tolerance and ability to spread through
rhizomes. Microstegium vimineum also proliferates after prescribed fire, a common management
tool used in the region to restore forests to desired conditions, and may compete with hardwood
seedlings, hindering restoration efforts. Using two upland deciduous hardwood forest research
sites in Marshall and Tate Counties, Mississippi, this study measured competitive effects of
Microstegium vimineum on native hardwood seedling growth and survival with and without
prescribed fire treatments. A single burning had no significant effect on Microstegium vimineum
abundance, while the effect of Microstegium vimineum on seedling growth and survival varied
by species.
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CHAPTER I
SILVICS & ECOLOGY
1.1

Silvics & Ecology of Focal Tree Species
This research studies the effects of post-fire disturbance responses of Microstegium

vimineum on native hardwood seedling growth and survival by utilizing four hardwood tree
species native to the southeastern United States. The four focal species are post oak (Quercus
stellata), southern red oak (Quercus falcata), red maple (Acer rubrum), and sweetgum
(Liquidambar styraciflua). These four species vary in site tolerance/preference, fire tolerance,
and shade tolerance. They are also hypothesized to vary in their contribution to the process of
mesophication: a positive feedback “whereby microenvironmental conditions (cool, damp, and
shaded conditions; less flammable fuel beds) continually improve for shade-tolerant mesophytic
species and deteriorate for shade-intolerant, fire-adapted species” (Nowacki & Abrams 2008, p.
123). Mesophication is hypothesized to have four phases: 1) fire exclusion facilitates the spread
of some species (mesophytes); 2) the increase in mesophytes and overall increase in stand
density contributes to cooler, shadier, and more humid conditions with less ground fuel; 3)
flammability is reduced because the forest understory is cooler, more humid and there is less
ground fuel; 4) the shadier, cooler and moister microclimate promotes mesophyte regeneration
and hinders oak regeneration, reinforcing the cycle (Alexander et al., 2021). The process of
mesophication is driven by tree species’ characteristics. Alexander et al. (2021) identifies several
tree characteristics that are more fire-promoting that encourages return fires on one hand, and
1

more fire-suppressing that suppress fire and contribute more to the mesophication process on the
other (summarized below in Table 1.1). This chapter compares these and other silvics
characteristics of the four focal tree species and suggests how each species is likely to contribute
to or be affected by mesophication and fire.

Table 1.1

Tree characteristics and how they potentially contribute to vegetation-fire feedback
cycles that are either fire-promoting/tolerant or fire-suppressing/intolerant.

Characteristic

Fire-Promoting/Tolerant
Shallow crown, lower leaf
Crown architecture
area
Thick and rough, less
Bark
stemflow more fire
protection
Recalcitrant, fast drying, very
Leaf Litter
flammable
Open canopy, herbaceous
Stand Density and
understory that contributes to
understory where dominant
fuel load
Shade tolerance
Relatively shade intolerant
Rooting habit
Deeper rooting

Fire-Suppressing/Intolerant
Deep crown, more leaf area
Thin and smooth, more
stemflow, less fire protection
Quickly decomposing, slow
drying, less flammable
Closed canopy, little or no
herbaceous understory
Relatively shade tolerant
Shallower rooting

Table 1.1 adapted from Alexander et al. (2021).

1.2

Post Oak (Quercus Stellata)
Post oak (Quercus stellata) typically occupies dry woodlands throughout the southeastern

United States (Burns & Honkala 1990). Post oaks are found on soils ranging from Ultisols to
Alfisols, but are generally found on well drained, sandy soils deficient in organic matter and
nutrients (Burns & Honkala 1990). Being inhabitants of drier areas, post oaks are particularly
drought tolerant (Seidel 1972) and have been found to have greater drought resistance and
2

resilience than southern red oak (Refsland et al. 2020). Post oak seedlings have thick taproots
that penetrate compacted soil deeper than competing species (Close 1999), allowing them to be
more competitive on water-limited sites. Post oaks typically occupies sites with blackjack oak
(Quercus marilandica) and hickories (Carya spp.) but are also associated with other oaks
including southern red oak (Quercus falcata) (Abrams 1992). Also, post oaks are generally shade
intolerant and are often overtopped by competing vegetation (Mignery 1965; Burns & Honkala
1990).
Post oak is described by the U.S. Forest Service Fire Effects Information System (FEIS)
as being moderately resistant to fire when mature due to their thick bark (Brown & Davis 1973).
In contrast, post oak seedlings are susceptible to fire-prompted mortality (Wright & Bailey 1982;
Boyer 1990), although post oak often re-sprouts after top-kill from fire (Stransky 1990). Due to
its moderate fire tolerance, post oak benefits from frequent, low-intensity fires that remove
competing fire-sensitive vegetation (Thor & Nichols 1974). However, without frequent, periodic
fires, post oak seedlings can be overshadowed by other ground vegetation or hardwoods.
In comparison to red maple and sweetgum, the crown structure of post oak is shallower
and tends to form more open canopies which contribute to warmer and drier understories (Babl
et al. 2020). Additionally, post oak leaf litter is the most flammable of the four focal species
(Varner et al. 2021), supporting taller flames, shorter burn times, and shorter smoldering
durations (Kane et al. 2008). Post oak litter has been found to support more intense and
sustainable fires that consume more fuel compared to southern red oak and red maple (Kane et
al. 2008; Varner et al. 2021). Post oak leaves further encourage fires by having thicker and wider
leaves and lower surface area: volume ratio than all other focal species (Engber & Varner 2012;
Kreye et al. 2013; Grootemaat et al. 2017; McDaniel et al. 2021), ultimately holding less
3

moisture and drying out faster. Thus, post oak leaves contribute to only a small percentage of
fuel bed moisture content in upland mixed oak-hardwood forests (McDaniel et al. 2021). Due to
its moderate fire tolerance, thick bark, relative shade intolerance, shallow crown, association
with open canopies, and flammable leaf litter characteristics, post oak is considered a classic
pyrophyte (Varner et al. 2021) that is more fire facilitating than fire suppressing (Kane et al.
2008).
1.3

Southern Red Oak (Quercus falcata)
Southern red oak (Quercus falcata var. falcata) is found on upland sites characterized by

dry, sandy, or clay loam soils in mixed hardwood forests (Burns & Honkala 1990). Southern red
oaks are found across a broad geographic range throughout the eastern and southeastern United
States, from New York in the northeast to eastern Texas in the southeast (Burns & Honkala
1990). Southern red oak is common in dry or mesic upland mixed forests (Glitzenstein &
Harcombe 1979), where, like post oak, it is commonly found on Ultisols and Alfisols soils with
other species including white oak (Quercus alba), black oak (Quercus veluntia), post oak,
blackjack oak, sweetgum, black gum (Nyssa sylvatica), and hickories (Carya spp.) (Burns &
Honkala 1990; Abrams 1992).
Oaks, including southern red oak, are typically more shade-intolerant than species such as
red maple and sweetgum. Southern red oak seedlings struggle to grow and survive under denser,
closed canopy conditions (Dey & Fan 2009). Reproduction of these oaks has been found to
decrease with increases in competing overstory basal area (Green 2008). As such, oaks such as
southern red oaks have historically been associated with growing unencumbered in open oak
savannahs or woodlands, though to a lesser extent than post oak (Close 1999). Oak regeneration
tends to be greatest in more open, even clearcut areas (Dey & Fan 2009). Thus, mature southern
4

red oaks have been found to produce a much greater crown to basal area ratio when compared to
more mesophytic red maple which have much smaller basal areas but high crown areas (Siegert
et al. 2019).
Mature southern red oak has displayed both intermediate fire tolerance (Dey & Fan 2009)
and more pyrophytic tendencies (Varner et al. 2015). Southern red oak seedlings can be
susceptible to top-kill by fire (Dey & Fan 2009), as well as at maturity because of its relatively
thin bark compared to post oak (Burns & Honkala 1990). Southern red oak bark has been found
to increase in roughness from mesic to xeric sites (Glitzenstein & Harcombe 1979), which often
correlates to increased fire tolerance (Graves et al. 2014). Southern red oak, when damaged by
fire, is susceptible to invasion and damage by insects and disease that can cause mortality
(Tainter et al. 1983; Clatterbuck 1989; Montgomery et al. 1989; Belanger 1990). Similar to post
oak, southern red oak seedlings respond to frequent top-kill from fire by resprouting afterwards
(Harlow & Bielling 1961). This resprouting capacity following fire often leads to increased
relative abundance of upland oaks, including southern red oak, with increasing fire frequency
(Thor & Nichols 1974; DeSelm et al. 1991; Waldrop et al. 1992).
The functionality of southern red oak leaves as ground fire fuel is similar to post oaks in
that the large, thick leaves of southern red oak have lower surface area: volume ratios (Engber &
Varner 2012; Kreye et al. 2013; Grootemaat et al. 2017) and hold less moisture than more
mesophytic hardwoods (McDaniel et al. 2021). Southern red oak leaf litter is a more flammable
fuel for ground fires than sweetgum and red maple (Varner et al. 2015; Varner et al. 2021).
However, southern red oak leaf litter has shorter burn duration and significantly longer
smoldering duration than that of post oaks (Kane et al. 2008; Kreye et al. 2018). Due to its highly
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flammable leaf litter, moderate shade tolerance, and intermediate fire tolerance, southern red oak
is unlikely to contribute to mesophication in upland hardwood forests.
1.4

Red Maple (Acer rubrum)
Red maple (Acer rubrum) has an extremely broad geographic range, from as far east as

Texas across the Gulf Coast states into Florida, throughout the entire east coast into Canada
(Hutnick & Yawney 1961; Little 1978, 1979; Abrams 1998; Fei & Steiner 2007) and grows
under highly variable soil moisture conditions (from very wet to very dry) (Burns & Honkala
1990). Similar to post and southern red oaks, red maple occurs on Ultisols and Alfisols soils,
growing best on moderately to well-drained moist sites, though it can be found in both upland
sites and bottomland swamp-like areas (Hutnick & Yawney 1961; Burns & Honkala 1990). Red
maples readily alter resource allocation based on site conditions (i.e., they have high plasticity).
For instance, red maple seedlings on moist sites develop short taproots with a well-developed
system of lateral roots, while on drier sites they develop much longer taproots and not nearly as
significant lateral roots (Hutnick & Yawney 1961). This adaptability allows red maple to be both
drought tolerant and flood resistant.
Red maple typically requires open canopy conditions for successful germination and
overstory shade can suppress initial germination (Marquis 1975) depending on tree recruitment
(seed-origin being more shade tolerant than sprout-origin) in a stand (Ostrowsky & Ashton
2022). However, red maple is known to germinate seeds in stands with low-light, closed-canopy
conditions as well (Hutnick & Yawney 1961). This may be possible because it is typically one of
the first tree species to germinate each spring, often weeks before bud break (Burns & Honkala
1990). Overall, red maple is typically shade tolerant water use efficient, and more flexible in soil
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nutrient requirements than other hardwood species of the southeastern United States (Abrams
1998).
In recent decades, red maple has expanded in the eastern US, partly due to intentional fire
suppression (Abrams 1998; Fei & Steiner 2007). Historically, it is thought that more frequent
fires restricted the fire-sensitive species to more mesic sites (particularly moist, cool, and shaded)
because fire often kills young red maple seedlings, preventing red maple from spreading into
upland sites (Nowacki & Abrams 2008; Babl et al. 2020; McDaniel et al. 2021). However, as red
maple individuals mature, they develop thicker bark, allowing them to be more resistant to fires
of increased intensities (Ward & Stephens 1989), and when top-killed, vigorously resprout
(Hutnick & Yawney 1961; Sidhu 1973). These re-sprouts often grow more vigorously than seedorigin red maples, with higher light and water use efficiencies (Ostrowsky & Ashton 2022).
Repeated burns can increase mortality and decrease establishment of red maples (Hutchinson et
al. 2008), by preventing them from growing to a size with thicker, more fire-resistant bark, and
by reducing the abundance and vigor of stump-sprout regenerated red maples (Ostrowsky &
Ashton 2022).
Unlike the more fire-promoting oaks, the leaf structure of red maples does not favor or
encourage repeat fires (Varner et al. 2021). Red maples have relatively small, thin leaves
(Alexander & Arthur 2010; Kreye et al. 2013; Babl et al. 2020), which often curl less after
abscission (Alexander et al. 2021). These leaves then create a thin litter fuel bed which cements
together and retain high levels of moisture, making them highly inflammable compared to oaks
(Varner et al. 2021; Babl-Plauche et al. 2022). Red maple leaves that contribute to this thin,
moist fuel bed have lower lignin contents (Babl-Plauche et al. 2022) than co-occurring oaks,
resulting in faster decomposition rates (Ball et al. 2008; Alexander & Arthur 2014). Shorter
7

decomposition duration results in less bountiful and continuous ground litter to serve as fuel for
fires, furthering the self-promoting positive-feedback loop where mesophytic species suppress
fire and contribute to stand conditions that are more favorable for their own regeneration while
hindering oak regeneration (Babl et al. 2020). In comparison to oaks, red maples develop denser
canopies that are wider and deeper which can shade out understory species, further reducing
ground fuels (Alexander & Arthur 2010; Babl et al. 2020). Water is also channeled down the
relatively smooth bark of red maple to collect at tree boles and create ‘zone of fire protection’
(Babl et al. 2020). These characteristics discourage regular fire-return intervals and further
perpetrate conditions where red maples are likely to be more competitive than co-occurring
upland oaks. Due to its wide site tolerance, ability to germinate and persist in shaded
environments, relative fire intolerance when young, and low leaf litter flammability compared to
oaks, red maple is likely to contribute to mesophication.
1.5

Sweetgum (Liquidambar styraciflua)
Sweetgum (Liquidambar styraciflua) is a fast-growing pioneering generalist that

develops in shrub-like thickets in recently disturbed forests (e.g., logging, stand-clearing events
such as intense wildfires, clearcuts, etc.) (Burns & Honkala 1990; Brose et al. 1998; Ruswick
2018). Due to its abundant seed production, aggressive seedling establishment, and prolific root
sprouting abilities (Ruswick 2018), sweetgum is a principal competitor of oak species in upland
hardwood forests and woodlands (Brose et al. 1998). Sweetgum is a commercially important
species that has a broad geographic range from east Texas, well into north-central Florida, and
along much of the east coast (Wells et al. 1991; Kormanik 1990; Rajan et al. 2017). Because of
this expansive range, sweetgum can tolerate a wide range of climatic and soil conditions enabled
by its ability to shift resource allocation based on varying site conditions and co-existing species
8

present (Kormanik 1990; Mou et al. 1997). Sweetgum is classified as shade intolerant in mixed
pine-hardwood systems (Willis & Blazier 2021). Sweetgum is found most amongst red maples,
hickories, shortleaf pine (Pinus echinata), loblolly pine (P. taeda), and oaks as the dominant
overstory (Burns & Honkala 1990; Wells et al. 1991). Rooting habits of sweetgum vary by site
quality, with more resource allocation dedicated to taproot formation on well-drained site, while
lateral roots take priority in more saturated soils. The adaptability of sweetgum is also displayed
through variations in early height growth and timing of leaf fall on a latitude-related basis (Wells
et al. 1991).
According to the U.S. Forest Service Silvics manual, repeated burns increase the
likelihood of sweetgum decay and/or mortality (Burns & Honkala 1990). They are more
susceptible to top-kill after dormant season fires than growing season fires (Ruswick 2018).
Sweetgum litter burns poorly and with shorter flames and lower fuel consumed than oaks (Kreye
et al. 2018). Younger sweetgum resprouts may serve as insulation surrounding a single, large,
more mature sweetgum and protect it from the damaging effects of fire(s) (Ruswick 2018).
Because of this behavior, sweetgum can be relatively resilient to fire.
As typical of mesophytes, sweetgum has thinner, smaller leaves than oaks that retain
more moisture at ground level which serves to dampen repeat fires (Varner et al. 2021). Moisture
is retained at higher percentages and lost more slowly from litter beds with sweetgum foliage
compared to litter containing only oak leaves (McDaniel et al. 2021). The crown of sweetgum is
composed of small, brittle branches spaced very closely together near the main bole, which are
often broken or damaged against sturdier oaks during wind events (Lockhart et al. 2006). Their
fragile nature can stagnate their growth and leaving way for co-existing oaks to overtop and
outcompete sweetgum (Johnson 1968; Lockhart et al. 2006). In mixed pine/hardwood stands
9

common throughout the southeastern U.S., sweetgum was found to have a deeper live crown
than co-occurring oaks (Willis & Blazier 2021). Sweetgum has thinner outer bark that has lower
water storage capacity and higher porosity than oaks (Ilek et al. 2021). Due to its general
characteristics, relatively thin bark, broad gradient of site tolerance, and fire-hindering leaf
structure, sweetgum, has some characteristics suggesting it may contribute to mesophication but
potentially less so than red maple.
1.6

Species Comparison
Based on the literature reviewed, these four hardwood species represent a gradient from

more pyrophytic to more mesophytic across multiple tree characteristics (summarized below in
Table 1.2). This review has concluded that post oak is likely the most pyrophytic species in this
experiment, followed by southern red oak. Conversely, red maple is the species likely to
contribute the most to mesophication in this experiment, followed by sweetgum. Based on this
range of characteristics, it is expected that each species will respond differently to fire and
vegetative competition. This variability in species characteristics, coupled with their
hypothesized differential contributions to stand development, make these species suitable for the
experiment described in the following chapters.

10

Table 1.2

Characterizing focal hardwood species’ characteristics on a gradient of firepromoting/tolerant to fire-suppressing/intolerant.

Characteristic

Post Oak

Southern Red
Oak

Sweetgum

Red Maple

Crown
architecture
Bark
Leaf Litter
Stand Density
Shade
Tolerance
Rooting Habits
Table 1.2 represents focal species’ characteristics (adapted from Table 1.1) relevant to
mesophication and how these characteristics compare to those of the other focal species. These
are relative categorizations based on literature review and represent expectations of the species
when the co-occurring in an upland hardwood site of the southeaster US. Red = strongly
conforms with fire promoting/tolerant species characteristics. Orange = intermediate conformity
with fire promoting/tolerant species characteristics. Green = intermediate conformity with fire
suppressing/intolerant species characteristics. Blue = strongly conforms with fire
suppressing/intolerant species characteristics. The rooting habit for southern red oak is left blank
due to lack of substantial specific information as to the rooting habits of southern red oak in
comparison to the other focal hardwood species in this study, and the resulting possible
relationship to fire.

11

CHAPTER II
INTRODUCTION
2.1

Background
Wildland fires profoundly influence forest landscapes of the southeastern United States,

simultaneously maintaining native biodiversity and ecosystem processes, while causing plant
mortality and occasionally conflicting with forest management objectives. Throughout much of
the eastern United States, modern fire-exclusion practices have transformed once plentiful, open
landscapes dominated by fire-adapted tree species to relatively closed-canopy systems in which
shade tolerant, often fire-intolerant species (i.e., mesophytes) dominate (Nowacki and Abrams
2008; McEwan et al. 2011; Hanberry et al. 2020a; Alexander et al. 2021). Mesophication is
hypothesized to be a positive feedback initiated by fire exclusion that increasingly facilitates
encroachment by mesophytic plants that create microclimate and fuel conditions beneficial to
themselves and detrimental to pyrophytic species, or those more adapted to tolerate fire (e.g.,
upland oaks) (Nowacki & Abrams 2008; Maynard & Brewer 2013; Brewer 2015; Alexander et
al. 2021). Specifically, as mesophytes enter the midstory and overstory, they tend to create an
understory with more shade, lower temperatures, and increased moisture retention relative to
upland oaks, with fuel loads of smaller, wetter leaf litter that hold more moisture and release
moisture more slowly, which dampen the ignition, intensity and spread of fires (Schwilk &
Caprio 2011; Kreye et al. 2013; Cornwell et al. 2015; Alexander et al. 2021). Furthermore, the
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shadier, cooler, and more moist conditions in the understory are more favorable for mesophytic
species regeneration than upland oaks (Nowacki & Abrams 2008).
This is important because in the southeastern United States, oaks (Quercus L. spp.)
produce acorns that support terrestrial food chains, construct open forest ecosystems which
provide habitat structure for many wildlife species, and have extensive cultural value (Hanberry
& Nowacki 2016; Hanberry et al. 2020b). Leaf litter, bark, and crowns of upland oaks perpetuate
environmental and fuel conditions (e.g., warm ground temperatures, decreased moisture
retention, etc.) conductive of periodic fires (Alexander et al. 2021). The large and curly leaves of
post and southern red oaks tend to burn more intensely than the litter of most non-oak hardwoods
(Engber & Varner 2012; McDaniel et al. 2021; Varner et al. 2021). These characteristics of oaks
support regular fire-return intervals carried by more flammable leaf litter and annual grasses that
thrive in relatively open oak dominated forests and woodlands. Historically, fire return intervals
were relatively short (4-6 years) throughout southeastern deciduous forests but have become
significantly influenced by human interactions over the past several thousand years (Frost 1998).
In the last century, human alterations of natural fire return intervals have resulted in widespread
fire exclusion (Alexander et al. 2021; McDaniel et al. 2021), causing changes in fuel types and
loadings (Mitchell et al. 2014). In response, many managers are restoring fire to upland oak
ecosystems in an attempt to reduce competition from mesophytic species and replenish and/or
conserve pyrophytic oaks. However, fire restoration often creates a management dilemma on
sites invaded by species like Japanese stiltgrass (Microstegium vimineum (Trin.) A. Camus.),
which can also respond favorably to disturbances.
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2.2

Microstegium vimineum
One understory invasive species of particular concern in the eastern United States is

Japanese stiltgrass (Microstegium vimineum (Trin.) A. Camus, denoted henceforth as M.
vimineum, an annual, C4 grass of the family Poaceae originating in East Asia (Winter et al. 1982;
Horton & Neufield 1998; Flory et al. 2012). This exotic grass was introduced to the United
States in 1919 in Knoxville, TN (Emery et al. 2013), as it was historically used as packing
material for fine China shipped from East Asia. It now occurs in deciduous forests throughout
much of the eastern United States (Figure 2.1).

Figure 2.1

Map displaying distribution of Microstegium vimineum throughout eastern United
States.

Green areas represent counties where Microstegium vimineum has been recorded (as of 2019).
Being an invasive species placed in a non-native environment lacking natural competitors
and pests, M. vimineum has flourished and spread throughout the region. M. vimineum primarily
inhabits riparian areas along river/stream banks, natural drainage areas, flood plains, swamps,
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logging roads, and roadsides throughout the eastern United States (Barden 1987; Pomp et al.
2010; Flory et al. 2012). It also tends to increase in abundance and spread following disturbance
(Oswalt et al. 2007). M vimineum possesses other characteristics typical of many invasive alien
species, by growing quickly, fruiting within a single season, and producing abundant seed (EPPO
2016; Nees 2016). These characteristics align with those of typical pioneer species, which are
species that colonize areas and exploits resources before other species following a disturbance
event.
The presence of M. vimineum is hypothesized to impose significant obstacles in
deciduous forest fire restoration in the southeastern United States, most notably in terms of its
interaction with deciduous tree species and their repopulation/germination potential following
fire (Flory & Clay 2009; Beasley & McCarthy 2011). The competitive ability of M. vimineum
compared to native hardwood species is likely to vary depending on environmental conditions, as
well as the specific strategy(ies) of native vegetation. M. vimineum is extremely shade tolerant,
rapidly filling shaded areas, particularly those recently disturbed (Barden 1987). M. vimineum is
known to suppress several native annual and perineal grasses (Marshall et al. 2009), some of
which are important for maintaining frequent fire regimes that historically favored oaks and
other fire adapted tree species. In their study examining the competitive interaction between M.
vimineum and one-year-old hardwood seedlings, Marshall et al. (2009) found that M. vimineum
out-competes both native grasses and hardwood seedlings in terms of growth and survival,
particularly red maple and sweetgum, which suffer when M. vimineum is present. Similarly,
Adams and Engelhardt (2009) found that areas invaded by M. vimineum correlated with declines
in native herbaceous ground vegetation cover and species richness. In general, M. vimineum is
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hypothesized to have a negative impact on native hardwood species regeneration in southern
forests (Oswalt et al. 2007).
2.3

Previous Research
Previous experiments have been conducted to determine the most efficient, successful,

and sustainable method(s) for controlling M. vimineum. Thus far, the preferred control method is
total removal of M. vimineum by hand pulling in the late growing season before seed production
(Gibson et al. 2002; Flory & Lewis 2009). However, M. vimineum seeds have been recorded to
remain viable in the underground seed bank for at least 3 years (EPPO 2016). The longevity of
seeds allows M. vimineum is to rapidly reoccupy a site following a disturbance. For example,
Flory (2010) found that areas where M. vimineum was hand-weeded were significantly reinvaded
after two years. Thus, to be truly successful in controlling M. vimineum populations, handpulling extraction efforts may be required for 3-4 consecutive years to ensure complete
eradication from a particular area, which is often not feasible.
A proposed alternative to hand pulling is prescribed fire (Rossiter et al. 2003). Studies
have shown that fire is largely beneficial for forest biodiversity; benefits which are suppressed by
alteration of natural fire characteristics and regimes brought on by non-native grass invasions
(Flory et al. 2012; Flory et al. 2015). The presence of M. vimineum in a forest stand has proven
to increase fire intensities, which can reduce the survival of tree seedlings (EPPO 2016; Flory et
al. 2015). In addition to increasing fire intensity, M. vimineum can also increase continuity of
ground fuels which facilitates fire spread and can contribute to reductions in fire return interval
(Flory et al. 2012; Flory et al. 2015). Pioneer grass species such as M. vimineum repopulate
quickly post-fire, rejuvenating fuel sources and potentially decreasing time between fires. As fire
is reintroduced into eastern deciduous forests, M. vimineum has been shown to increase fire
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intensity and potentially suppress post-fire colonization of native species (Emery et al 2011;
Flory et al. 2012). Prolonged changes in these wildfire regime characteristics can further alter
native species diversity and abundance by exposing bare mineral soil, mobilizing soil nutrients,
and potentially promoting further invasions creating a positive fire-invasion feedback (Rossiter
et al. 2003; Flory et al. 2012).
The abiotic environment of a site can also be altered by M. vimineum, such as soil pH and
nitrogen contents; changes which contribute to declines in species richness and cover (McGrath
& Binkley 2009). M. vimineum exhibits substantial phenotypic plasticity, where it can
compensate for suboptimal levels of a particular resource when sufficient supply of another
resource is present, which may allow it a competitive advantage over native species as it alters
soil properties (Claridge & Franklin 2002; Cole & Weltzin 2004). These adaptations allow M.
vimineum to cope with extreme variability across a gradient of environmental conditions, making
it a primary invasive species of concern in eastern deciduous forests.
Despites these concerns, it is possible that, in combination with regularly prescribed fires,
M. vimineum may not be all bad for restoration of oak woodlands and savannahs that depend on
fire because it may create fire regimes that are more detrimental to encroaching mesophotic
hardwoods and less detrimental to more fire adapted oaks and hickories. Also, M. vimineum in
these systems may provide herbaceous ground fuel able to carry ground fires in cooler, wetter,
more shaded understories where native herbaceous pyrophytic ground fuels have been shaded
out. However, M. vimineum’s influence on fire characteristics and regimes may be transient and
its overall impacts on native vegetation communities is negative.
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2.4

Research Objectives and Hypotheses
The overarching questions for this research are to what extent do fire and M. vimineum

affect different species of native hardwood seedling growth and survival and what are the longterm implications in terms of forest stand diversity and structure.
The specific objectives for this study include:
1. Analyze the relationship between prescribed fire and its effect on M. vimineum
cover and evaluate the combined effects of fire and M. vimineum cover on
survival and growth on native tree species representing a range of mesophytic and
pyrophytic characteristics.
2. Determine combinations of fire and M. vimineum that favor growth and survival
of relatively more pyrophytic species over those with primarily mesophytic
characteristics native to upland hardwood forests of the southeast US.
Specific hypotheses include:
1. Fire will reduce M. vimineum cover and biomass within study plots.
2. Growth and survival of hardwood species thought to be generally more
mesophytic (red maple (A. rubrum) and sweetgum (L. styraciflua), respectively)
will be more negatively impacted by burning when M. vimineum is present as
compared to the hardwood species thought to be generally more pyrophytic (post
oak (Quercus stellata) and southern red oak (Quercus falcata)).
3. M. vimineum will have a negative impact on growth and survival of all hardwood
seedlings, but less so on more pyrophytic species which are more commonly
associated with grasses (e.g., post and southern red oaks).
Investigation of these objectives should provide:
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1. Increased clarity as to the effects of post-fire disturbance responses of M.
vimineum on native hardwood seedling regeneration of various species, as well as
overall effectiveness of fire at controlling M. vimineum.
2. Land manager, conservationists, foresters, etc. with more information as to the
best management tactics for M. vimineum, possible implication for controlling
other such invasive grass species, and specific results dictating treatment
application(s) most beneficial for native hardwood seedling regeneration.
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CHAPTER III
METHODS
3.1

Study Sites
This study utilizes two upland mixed-hardwood sites in northern Mississippi: Strawberry

Plains Audubon Center (SPAC) of Marshall County, MS, and Spirit Hill Farm (SHF) of Tate
County, MS. SPAC is a 1,000-hectare facility located in the loess plains of north-central
Mississippi (Brewer et al., 2015), while SHF is a roughly 1,300-acre property in the neighboring
county (Griffin 2022). Extensive unpublished data have been collected about understory
presence of M. vimineum at both sites, showing its dominance in frequently disturbed areas such
as natural drainage areas, paths, and along roadsides. The similarity of natural stand structure and
composition between both sites serve well as indicators that the focal species of this study
represent those naturally present in these areas.
3.1.1

Strawberry Plains Audubon Center (SPAC)
This mixed-oak/hickory upland woodland and forest site (34.843037, -89.464824)

located in Marshall County, Mississippi is characterized by moderately fertile, sandy-loam soils
where M. vimineum is widespread. Dominant overstory and few midstory tree species include
black oak, blackjack oak, black gum, mockernut hickory (Carya tomentosa), post oak, southern
red oak, sweetgum, and winged elm (Umus alata) (Brewer 2014). Canopy cover where plots
were installed, measured with a spherical densiometer (Forest Densiometer Model-C) during
peak growing season on 08 August 2021, averaged at 93.18 % M. vimineum formed a continuous
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mat of ground cover over the entire area where this trial was installed. At the plot installation the
elevation was roughly 136 meter (m) and a slope of 0 – 5 %, with a mean annual precipitation of
114 – 140 centimeters (cm) cm and mean annual air temperatures ranging 14 – 17 degrees
Celsius (℃) (USDA 2020). The soil is mapped as a Gullied land-Cahaba, which is a sandy loam
or sandy clay loam originating from loamy marine deposits (USDA 2020).
3.1.2

Spirit Hill Farm (SHF)
Spirit Hill Farm is located in Tate County, Mississippi just north of Wyatte, Mississippi

(34.690381, -89.703646). It has a naturally regenerated mix of hard and soft wood tree species,
of variable age and productivity. The overstory is dominated by fire tolerant tree species,
including black oak, mockernut hickory, post oak, shagbark hickory (Carya ovata), and southern
red oak. The midstory, where present, is dominated by fire intolerant tree species often
associated with mesophication, including black gum, common persimmon (Diospyros
virginiana), sweetgum, and winged elm. There is no record of logging where plots were located,
nor evidence that the area had been burned in recent decades (B. Bowen, landowner of SHF,
personal communication). The section of property where the study is located is fenced off for
cattle which were grazed the area prior to plot installations. Because of these fences, some
extremely slight variation in large mammal (e.g., whitetail deer (Odocoileus virginianus),
coyotes (Canis latrans), wild hogs (Sus scrofa), etc.) disturbance to study sites is to be
considered in comparison to a strictly natural and unmanipulated landscape.
Canopy cover over the experiment plots was comprised mostly of southern red oak and
measured with a spherical densiometer (Forest Densiometer Model-C) during peak growing
season on 08 August 2021, averaging 94.28 % canopy cover for SHF study site. M. vimineum
has formed a continuous mat of ground cover over the entire area where this trial was installed.
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At the plot installation, the elevation is roughly 117 m with a slope of 0 – 5 %. The mean annual
precipitation is 152 – 190 cm and mean annual air temperatures ranging 18 – 21 ℃ (USDA
2020). The soil at the study is classified as a Collins silt loam, which is a moderately well
drained coarse-silty alluvium derived from sedimentary parent material (USDA 2020).
3.2

Plot installation
Selection of specific locations for each of the thirty-two study plots within the two sites

(sixteen at each site) was based on several factors. First, we sought areas within each study site
that had relatively uniform M. vimineum cover over a large enough swath to encompass all
sixteen treatment plots at each site continuously (i.e., without large distances between plots to
minimize environmental heterogeneity). Second, we sought areas with similar overstory canopy
cover and composition with relatively uniform shade. Lastly, areas were avoided that appeared
vulnerable to frequent floods.
The experimental plots at both study sites were installed in January 2021. Each site was
separated into sixteen blocks (four complete replications consisting of four treatment plots each).
The SHF site was installed during the first and third weeks of January 2021, and the SPAC site
was installed the third week of January 2021. A deer exclusion fence was also installed at both
sites around the entire perimeter of installations on 21 April 2021, to eliminate influence of cattle
(SHF) and deer browse on seedling growth and survival.
3.3

Experimental Design
The experimental design for this project is a split-plot design with four different

hardwood species (post oak, southern red oak, red maple, and sweetgum) seedlings nested in
four treatment plots replicated in four different blocks at each of the two sites. Red maple is a
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more mesophytic, fire sensitive species while southern red oak and post oak are more fire
tolerant species representing the red and white oak groups, respectively (Nowacki & Abrams
2008). Sweetgum is a common species with pioneer attributes and intermediate fire tolerance.
The four treatments were all combinations of burning or not burning, with or without M.
vimineum. For plots without M. vimineum, repeated applications of chemical herbicide were
utilized to ensure exclusion so that the effects of M. vimineum on seedling growth and survival
and fire intensity could be compared to treatments without M. vimineum (as described below).
Treatments:
1. M. vimineum + prescribed fire
2. Herbicide (no M. vimineum) + prescribed fire
3. M. vimineum + no prescribed fire
4. Herbicide (no M. vimineum) + no prescribed fire
Within each treatment plot were thirty-two planting positions on a 0.5 m grid and eight
individual seedlings of each of the four native hardwood species were randomly assigned to one
of the planting positions (Figure 3.1). Each treatment plot was 19.25 m2, including a 1 m buffer
(to act primarily as a fire break) on every side, resulting in 96 m2 block per complete replicate (as
depicted in Figure 3.1).
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Figure 3.1

Field survey plot layout design.

Field survey plot layout design – including the four treatment applications/scenarios and the four
focus species – for study locations at Spirit Hill Farm (SHF), Tate County, Mississippi, and
Strawberry Plains Audubon Center (SPAC), Marshall County, Mississippi. Focus species
seedling placement within subplots were randomly assigned via random-number generation (i.e.,
not as uniform in placement or distribution as depicted here
Large woody debris was also removed from the sites prior to site establishment and
prescribed burning. Planting of focus species seedlings were conducted at SPAC on 05 March
2021, and at SHF on 06 March 2021. Planting was conducted by Zachary Chandler and Clayton
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Hale (Former Graduate Research Assistant, Department of Forestry, Mississippi State
University). Planting stock was 1-year-old bare root seedlings purchased from the Native Forest
Nursery in Chatsworth, Georgia, and stored in vegetative refrigeration units (at ~ 2 ℃) of
Mississippi State University until the day of planting. three hundred seventy-five of each species
seedling were purchased, using two hundred fifty-six for our main study with an extra eight
seedlings of each species being used to form one check plot at the SHF location. The remaining
one hundred eleven seedlings of each species served as quality replacements, allowing for
selective utilization of more structurally and biologically homogenous individuals for the
experiment. A check plot was planted in an adjacent area absent of M. vimineum at SHF for the
purpose of observing any potential impacts of M. vimineum on establishment success of
seedlings. Previous observations of under planting of hardwood seedlings suggest M. vimineum
may have allelopathic properties. By planting the check plot at the same time in an area free of
M. vimineum, it was possible to monitor if M. vimineum did in fact have allelopathic properties
that would linger on the site even in areas where M. vimineum was chemically expelled. This
check plot was also used to determine encroachment rates (if any) of M. vimineum into
uninhabited areas at the time of site installation through seedling establishment. Furthermore,
this plot was un-replicated and installed only to provide observational evidence of M. vimineum
allopathy in the event that there was an establishment failure of seedlings in the study.
Immediately prior to seedling planting was the initial prescribed burn treatments. This
burn was initiated prior to any planting of seedlings to minimize the risks of survival associated
with exposing freshly planted seedlings to the additional stress of fire and to test the effects of
prescribed fire as a control on M. vimineum. All burns (sixteen total, with eight at each study
location) were ring fires conducted with drip torches containing a mixture of approximately 40 %
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gasoline and 60 % diesel fuel. Burning of plots was proceeded by test burns of ~ 5x5 m plots
directly adjacent to study site perimeter. This test burn was to visually analyze burn time,
intensity, and overall success (in terms of litter consumed and percent area burned). Fire moved
adequately across the plot during the test burn, so the prescribed burning of treatment plots was
initiated. During the prescribed ring burn at SPAC on 05 March 2021, the ambient air
temperature was 12.78 ℃ with a humidity of 41 %, skies partially cloudy, and wind speeds
estimated at ~ 13 kilometers per hour (kph) from the south-east. During the prescribed ring burn
at SHF on 06 March 2021, the ambient air temperature was 15.56 ℃ with a humidity of 44 %,
skies partly cloudy, and wind speeds estimated at ~ 18 kph from the north. The planting of the
focal species seedlings occurred immediately after the initial burn during the same day and as
soon as the ground temperature was cool to the touch (Figure 3.2). This planting was conducted
by hand, using dibble bar and planting shovel hand-held tools to ensure proper preparation and
installation of seedlings in the ground. Once dug, seedlings were placed in holes ensuring
taproots and lateral roots alike were pointed downwards from root collar, then backfilled.
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Figure 3.2

Planting of a seedling at Strawberry Plains Audubon Center (SPAC).

Figure 3.2 a) Seedling being planted in prescribed burn plot immediately following fire
application on 05 March 2021. Figure 3.2 b) Seedling being planted and hole backfilled with
shovel. Identical planting methodology was adhered to for each of the 1,056 seedlings planted in
every treatment plot (1,024) across the entire experiment at both sites, as well as the (32)
seedlings planted in the check plot at Spirit Hill Farm (SHF). Seedlings were planted on 05 and
06 March 2021.
For eliminating M. vimineum, herbicide applications began three weeks after seedling
establishment. The herbicide used was clethodim 2EC, a grass specific herbicide, at a 0.47 liter
(L) (473.18 milliliter (mL)) per acre rate. Clethodim was used repeatedly as needed in
conjunction with a non-ionic surfactant (Induce: low foam wetter/spreader adjuvant) at 0.25 %
volume-to-volume consistency to keep non-M. vimineum treatment plots free of the grass. A
return trip was made in mid-April 2021 to assess the presence of M. vimineum on the herbicide
treated subplots, during which it was determined that a repeated, consistent schedule of herbicide
applications was necessary for extended M. vimineum expulsion. Repeat visits were made to the
sites once every 2-3 weeks (refer to Table 3.1) to examine the rate and intensity of M. vimineum
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regeneration; visits during which herbicide was applied in identical fashion each time if M.
vimineum was present. Toward the end of the growing season, it was not necessary to monitor
every two weeks as M. vimineum populations in herbicide treatment plots were effectively
eliminated. At this point, visits for monitoring and herbicide reapplications dropped to once
every three weeks until M. vimineum senescence.

Table 3.1

Visitation schedule maintained throughout project’s duration. Displays site(s)
visited, dates visited, and activity(ies) performed during each visit.

Site
SHF & SPAC
SPAC
SHF
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC
SHF & SPAC

Date
01.2021
03.05.2021
03.06.2021
04.21.2021
05.18.2021
06.12.2021
06.26.2021
07.17.2021
08.07.2021
08.27.2021
10.09.2021
01.04.2022
02.01.2022
04.28.2022
05.17.2022

Activity
Site establishments
Prescribed burn & seedling planting
Prescribed burn and seedling planting
Herbicide applications
Herbicide applications
Herbicide applications
Herbicide applications
Herbicide applications
Herbicide applications
Herbicide applications & biomass measurements
Vegetation sampling
Site maintenance
Site maintenance
Site maintenance
Site maintenance & survival data collection

3.3.1 Fire Measurements
The temperature and flame heigh of the fire were measured in February 2021. These fire
statistics were recorded by pyrometers installed pre-burn (Figure 3.3). There were sixteen pin
flag stakes per plot with two pyrometers per pin flag at 20 cm and 40 cm above ground for a total
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of five hundred twelve pyrometers across both sites. These pyrometers were installed in each
plot equidistant from each other and the plot perimeter.

Figure 3.3

Pyrometers dispersed throughout fire treatment plot immediately prior to
prescribed burn treatment.

Pyrometers attached to pin flag stakes (pink flags) immediately prior to prescribed burn
treatment. Pictured here is treatment plot at Strawberry Plains Audubon Center (SPAC), though
all fire plots eight at SPAC and eight at Spirit Hill Farm (SHF)) had pyrometers set up
identically.

Pyrometers were constructed using aluminum tags pained with six different Tempilaq,
fire-sensitive paints measuring to 79 ℃, 163 ℃, 246 ℃, 316 ℃, 399 ℃, and 510 ℃ and covered
with aluminum foil (Loucks et al., 2008). Covering the painted tags in aluminum foil prevented
water damage and smoke discoloration, while providing appendage to attach to pin flag stakes.
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Paints were deemed “melted” when they displayed glossy, melted, blackish appearance.
Temperature recordings were ascertained by determining which paint(s) of each temperature had
melted on each pyrometer. The maximum temperature of each paint was then recorded as the
fire’s temperature. If no paints on a pyrometer had melted, an ambient air temperature of 20 ℃
was used when calculating mean plot fire temperature. Prescribed fire process depicted in Figure
3.4 below.

Figure 3.4

Stages of prescribed ring fire – from initiation to conclusion.

Prescribed ring fire initiated with drip torch – containing approximately 60/40 diesel/gasoline
fuel mixture – on a single plot at Strawberry Plains Audubon Center (SPAC). Identical burning
methodology as shown here was replicated for each of the 8 burn plots at SPAC as well as the 8
burn plots at Spirit Hill Farm (SHF). During the prescribed burn at SPAC on 05 March 2021, the
ambient air temperature was 12.78 ℃ with a humidity of 41 %. During the prescribed burn at
SHF on 06 March 2021, the ambient air temperature was 15.56 ℃ with a humidity of 44 %

During peak growing season (August 2021), M. vimineum was measured in two ways:
ground cover percentage observations and destructive sampling for biomass of M. vimineum. A 1
m2 Daubenmire frame was used to measure ground cover vegetation percentages. This frame was
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randomly placed within each study plot and used as a frame of reference to estimate percent
cover of herbaceous vegetation present within each plot. Accompanying these recordings were
maximum heights for M. vimineum (or most prominent vegetation type present) within each plot,
measured with a metric meter stick. Ground cover percentage estimation within the Daubenmire
frame was then recorded for each herbaceous species. For destructive sampling for biomass of
M. vimineum, a uniform circular plastic ring with an area of 0.048 m2 was used. All M. vimineum
inside the ring was clipped and the process was repeated four times in each plot. The ring was
placed 0.5 m inside each plot corner at 45-degree angle toward the center of the plot. Within
each one of these rings, all vegetation present was hand clipped, placed in a sealed plastic bag,
kept on ice (09 October 2021), then put into a refrigerator set at 4 ℃ on 12 October 2021. Green
weight of M. vimineum was measured on 19 October 2021, transferred to pre-weighed, premarked paper bags, then dried in sample oven at 70 ℃ for 24 hours. At the end of this 24 hours,
the sample were removed from the oven, weighed, and returned to the oven for another 24 hours.
This process was repeated a total of four times (at 24, 48, 72, and 96 hours), at which point mass
of samples failed to decrease any further, indicating complete moisture extraction. Sample dry
weight was determined as the weight of the sample after drying minus the weight of the bag.
Total height, root collar diameter and survival data were collected for each seedling in
this study three weeks following planting and again after the end of first growing season
(November/December 2021). Total height (maximum stem elongation) was measured with
height pole and was recorded to the nearest centimeter. Root collar diameters were measured
with digital calipers and recorded to the nearest millimeter. Seedlings that were obviously
deceased or missing were recorded as dead.
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3.4

Statistical Data Analysis
Data was compiled in Microsoft Excel, formatted, converted to a “.txt.” file and

subsequent statistical analysis was carried out using R statistical software (R Core Team 2020).
A linear mixed model approach with the R package “lme” was used (Kuznetsova et al., 2017),
where site and block were treated as random effects while fire, herbicide, and seedling species
were treated as fixed effects. Bonferroni-adjusted familywise alpha level was used to determine
statistically significant differences at the α = 0.10 level between treatments using the “estimable”
function from the “gmodels” package (Wickman, 2016). Plotted residuals from the model were
inspected to check model assumptions of normality and constant variance in relation to ANOVA
table results (derived from Equation 3.1).

𝑌𝑡 = 𝛽0 + 𝛽1 + 𝛽2 + 𝛽3

(3.1)

ANOVA model formula, where Yt is the average growth of tth subplot (t = 1:4)of
seedlings within one of the r plots (r = 1:4) within one of the s blocks (s = 1:4) located at either
of the u sites (1:2), and was subjected to one of the a, b, c, or d vegetation control combinations;
a = fire and herbicide, b = fire and no herbicide, c = no fire and herbicide, and d = no fire and no
herbicide. 𝛽0 = mean average growth of seedlings subject to d treatment; 𝛽1 = the incremental
effect of vegetative control combination a on mean average growth; 𝛽2 = the incremental effect
of vegetative control combination b on mean average growth; 𝛽3 = the incremental effect of
vegetative control combination c on mean average growth.
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Seedling survival, growth, M. vimineum biomass, and M. vimineum percent cover were
the primary response variables. Data for these response variables was summarized to the plot
level by averaging individual tree growth (specifically average relative growth rate (RGR)),
proportion of survival (between 0 and 1), biomass of M. vimineum per plot, and percent cover of
M. vimineum per plot.
Seedling growth and survival included average values for the four focal species by the
four treatment combinations by four blocks by two sites, resulting in n = 128 while M. vimineum
biomass and percent cover included average values by the four treatment combinations by four
blocks by two sites resulting in n = 32. During model designation, the random effect “Site” was
included in the Survival and Growth models but was removed in the Biomass and Percent Cover
models to simplify them and avoid a singularity error. For survival and percent cover data, a logit
transformation that takes the log of the proportion divided by one minus the proportion (refer to
Equation 3.2) (Rubin & Schenker, 1987) was used because the proportion data did not meet
assumptions of normality. Proportions of 0 and 1 were remapped to 0.025 and 0.975,
respectively. For biomass data, a log transformation was used, also to meet the model
assumption of normality. All model assumptions of normality and evenness were met after the
transformations based on visual inspection of residual plots.

𝑝
𝑙𝑜𝑔𝑖𝑡(𝑝) = log (
)
1−𝑝

(3.2)

𝑝

Logit transformation, where “p” is the probability, and “1−𝑝 " represents corresponding
odds of remapped proportions.
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Before constructing models for all variables examined (survival, growth, M. vimineum
biomass, and M. vimineum percent cover), two entire plots (one from SPAC and one from SHF)
were removed. These plots exhibited abnormal amounts of M. vimineum biomass and percent
cover based on their treatment categories, with the one at SPAC being a control treatment
(NF.NH) with 0 % cover of M. vimineum and the one at SHF being a F.NH treatment plot with
barely 5 % cover of M. vimineum. Based on the treatments assigned to each of these plots, when
compared to other plots subjected to the same treatment(s), percent cover of M. vimineum was
unexpectedly low. The plot with low percent cover of M. vimineum at SHF had large abundance
of ferns, and the one at SPAC simply had no M. vimineum present in that plot. Because these two
plots did not conform to the experimental specifications, it was deemed justifiable to remove the
entirety of both of those plots from the data set prior to any statistical data analysis. By doing so
sample size for seedling growth and survival was reduced to n = 120 and for M. vimineum
percent cover and biomass n = 30.
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CHAPTER IV
RESULTS
A second burn was planned for the spring of 2022 but could not be executed due to
consistent rain and uncharacteristically low temperatures well into spring, which limited the
ability of this study to address some questions about the efficacy of repeated burning on M.
vimineum and fire-related seedling mortality. Based on these limitations, the results of this study
are summarized around answering two core questions:
1. Was a single prescribed fire an effective control on biomass and percent cover of
M. vimineum?
2. Are there any significant differences in hardwood seedling survival and growth
between treatments?

35

4.1

Survival
Sweetgum had the highest survival (mean survival = 0.901), followed by southern red

oak (mean survival = 0.842), then red maple (mean survival = 0.805), and lastly post oak (mean
survival = 0.685) (Tables 4.1 & 4.2). The model ANOVA table (Table 4.3) indicates that the
exclusion of M. vimineum by herbicide (F-value = 8.535, p = 0.004) and species by herbicide
interaction (F-value = 2.621, p = 0.054) had statistically significant impact on hardwood seedling
survival at the α = 0.10 level. Figure 4.1 shows the distribution of survival by species and
treatment.

Table 4.1

Estimated mean percent survival for each hardwood species of seedling across the
experiment.
Species
Establishment Survival First Year Survival
Sweetgum
97.3 %
90.1 %
Southern Red Oak
94.9 %
84.2 %
Red Maple
93.8 %
80.5 %
Post Oak
85.5 %
68.5 %

Table 4.1 depicts species’ estimated percent survival at time of establishment (3 weeks following
planting) and following one growing season.
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Table 4.2

Mean percent survival and standard deviation (st. dev. %) for each hardwood
species for each treatment across entire experiment.
F. H
(st. dev. %)

NF.H
(st. dev. %)

F.NH
(st. dev. %)

NF.NH
st. dev. %)

Sweetgum

93.5% (27 %)

82.8% (39.3 %)

93.9% (33.3 %)

90.7% (31.5 %)

Southern Red
Oak

86.9% (36.6 %)

80.6% (41.7 %)

80.9% (45.3 %)

88.2% (38 %)

Red Maple

88.1% (38 %)

86.0% (39.3 %)

68.8% (49.5 %)

76.5% (44.5 %)

Post Oak

77.2% (44.5 %)

74.1% (46 %)

59.6% (50.4 %)

57.1% (50 %)

Average

86.4%

80.9%

75.8%

78.1%

Species

Table 4.2 depicts hardwood seedling species’ estimated percent survival by treatment (column
identifiers) across the entire experiment, with standard deviation (st. dev. %) of each value in
parenthesis next to percentages and average percent survival by treatment calculated at bottom.

Table 4.3

ANOVA table depicting effect of fire and herbicide on hardwood seedling survival
across the experiment.

df
Species
3
Herbicide
1
Fire
1
Species:Herbicide
3
Species:Fire
3
Herbicide:Fire
1
Species:Herbicide:Fire 3

Sum Sq.
1.342
0.369
0.000
0.340
0.071
0.089
0.052
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Mean Sq.
0.447
0.369
0.001
0.113
0.024
0.089
0.017

F-value
10.341
8.535
0.003
2.621
0.545
2.057
0.402

p-value
4.62e-6
0.004
0.958
0.054
0.653
0.154
0.752

Figure 4.1

Average hardwood seedling survival by treatment by species across entire
experiment.

Average survival (x-axis) compared by treatments (y-axis) including control. Dots represent
outliers. Whiskers represent minimum and maximum values. Lines of boxes represent lower
quartile (Q1), median and upper quartile (Q3).
4.1.1 Pyrometer Data
Pyrometer data from the prescribed burns at SPAC (Table 4.4) and SHF (Table 4.5) on
the 05 and 06 March 2021 are outlined below. Tables are distinguished by site, block, and plot,
with average temperature for 20 cm and 40 cm pyrometers displayed for each, factored then into
a block average and ultimately site average.
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Table 4.4

Strawberry Plains Audubon Center (SPAC) Pyrometers.

Treatment 20cm(℃)
40cm(℃)
Plot(℃)
Block(℃)
Site(℃)
F; NH
396.667
86.000
241.333
223.065
F; H
327.167
82.417
204.791
F; H
354.917
64.250
209.583
165.875
SPAC
F; NH
192.750
51.583
122.167
170.448
F; NH
313.250
74.083
193.667
149.646
F; H
171.583
39.667
105.625
F; NH
255.083
24.917
140.000
143.208
F; H
243.333
49.500
146.417
Strawberry Plains Audubon Center (SPAC) is located in Marshall County, Mississippi.
Table 4.5

Spirit Hill Farm (SFH) Pyrometers.

Treatment 20cm(℃)
40cm(℃)
Plot(℃)
Block(℃) Site(℃)
F; H
126.667
39.667
83.167
124.917
F; NH
260.000
73.333
166.667
F; NH
271.500
97.000
184.250
162.125
SHF
F; H
260.000
20.000
140.000
182.438
F; H
447.500
73.333
260.417
261.292
F; NH
403.500
120.833
262.167
F; NH
396.667
115.000
255.833
181.417
F; H
194.000
20.000
107.000
Spirit Hill Farm (SHF) is located in Tate County, Mississippi.

As depicted in Table 4.4 and Table 4.5, the site average fire temperature was 11.99 ℃
higher at SHF compared to SPAC. SHF had more variability in average fire temperatures at the
block level, with a 136.375 ℃ range from the lowest to highest temperatures, while SPAC had
only a 79.857 ℃ range. These ranges are result of temperamental weather conditions in early
March, where temperatures fluctuated heavily within and between individual days in
coordination with relative humidity levels. Also, primary species litter composition differed
between sites, with SPAC’s primary ground litter being water oak (Quercus nigra) and SHF’s
primary ground litter being southern red oak.
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4.2

Growth
Seedling growth was calculated by subtracting root collar diameter of each seedling at

time of establishment from its root collar diameter at the end of the first growing season (refer to
Equation 4.1), then dividing by root collar diameter at time of planting to determine the relative
growth rate (RGR) (refer to Equation 4.2).

𝑅𝐶𝐷 = 𝑅𝐶𝐷1 − 𝑅𝐶𝐷0

(4.1)

Growth, where “RCD” is seedling growth; “RCD1” is the seedling’s root collar diameter
post growing season 1; and “RCD0” is the seedling’s root collar diameter at time of
establishment.

𝑅𝐺𝑅 =

𝑥
𝑦

(4.2)

Relative Growth Rate (RGR), where “RGR” is relative growth rate of each seedling; “x”
is the growth of each seedling; and “y” is that seedlings’ diameter at time of establishment (i.e.,
“RCD0”).
The model’s ANOVA table (Table 4.6) indicates that species (F-value = 8.081, p =
0.0001) and herbicide (F-value = 8.438, p = 0.004) were statistically significant at the α = 0.10
level. An early model included all interactions between Species, Fire and Herbicide, but no
interactions were significant, so a simplified model was used. Note sweetgum averaged the
highest growth of the four species (predicted RGR = 0.158), followed by red maple (predicted
RGR = 0.113), then post oak (predicted RGR = 0.090), and lastly southern red oak (predicted
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RGR = 0.084). Figure 4.2 shows the distribution of relative growth rate by species and treatment
and Figure 4.3 represents the predicted modeled difference between the fire and herbicide
treatments and the control (NF.NH).

Table 4.6

ANOVA table dictating effect of fire and herbicide on hardwood seedling growth
across the experiment.
meanRGR
Species
Fire
Herbicide

df
1
3
1
1

F-value
p-value
22.532
<0.0001
8.081
0.0001
0.031
0.861
8.438
0.004

Table 4.6: Two-way ANOVA table of hardwood seedling’s growth (represented as mean relative
growth rate (or meanRGR)) related to treatment combinations including fire and those including
herbicide (i.e., absent of Microstegium vimineum).
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Figure 4.2

Relative growth rate (RGR in mm) of each hardwood seedling species in each
treatment across the experiment.

Dots represent outliers. Whiskers represent minimum and maximum values. Lines of boxes
represent lower quartile (Q1), median, and upper quartile (Q3).
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Figure 4.3

Difference in average relative growth rate (RGR) of all hardwood seedling species.

Depicts differences predicted by the model between plots with fire and control treatments (no
fire or herbicide control on Microstegium vimineum) and plots where Microstegium vimineum
was eliminated with herbicide and the control treatment. Points represent predicted difference
between treatments and control, with bars representing an α = 0.1 confidence interval. Since the
confidence interval for the difference between herbicide and control includes all values greater
than zero, it is inferred there is a statistically significant different in RGR of seedlings in plots
without Microstegium vimineum (herbicide) and treatments with Microstegium vimineum
(control).

4.3

Microstegium vimineum Biomass
M. vimineum biomass (Table 4.7) was calculated on the plot scale by multiplying the dry

biomass of vegetation samples taken from each plot by the total area of the plot divided by
destructive sampling area (Equation 4.1).

43

𝑥
((
) ∗ 19.25)
1000
𝐵=
0.048

(4.3)

Biomass, where “B” is biomass (in kg/m2) of Microstegium vimineum per plot; “x” is dry
weight of vegetation samples / 1000 to convert from g/m2 to kg/m2; “19.25” is the area of each
individual plot; and “0.048” is the total destructive sampling area for each individual plot.
A log transformation of mean biomass allowed model assumptions of evenness and
normality to be adequately met. Since herbicide was used explicitly to eliminate M. vimineum,
and not as an experimental treatment of herbicide efficacy in controlling the grass, it was not
included in the model. Instead, a simple model testing the effect of fire as a control was used.
The ANOVA table (Table 4.8) indicates that fire (F-value = 0.143, p = 0.720) did not have a
statistically significant effect on M. vimineum biomass at the α = 0.10 level. As displayed in
Table 4.8, the SPAC site had nearly double the average biomass of M. vimineum (kg/m2)
compared to SHF.

Table 4.7

Summary statistics of treatment (fire/no fire (F/NH) and herbicide/no herbicide
(H/NH)) effect on Microstegium vimineum biomass at the end of growing season
one.
Site

Treatment M. vimineum Biomass
(kg/m2) After Year 1
(st. dev.)
F.H
0.502 (0.625)
NF.H
0.393 (0.732)
SHF
F.NH
6.340 (1.476)
NF.NH
5.480 (1.663)
F.H
0.288 (0.523)
NF.H
0.000 (0.000)
SPAC
F.NH
8.570 (3.524)
NF.NH
11.400 (7.277)
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Table 4.8

Fire effect on Microstegium vimineum biomass (kg.m2) after growing season one
treatments.
meanBio
Fire

4.4

Df
3
1

F-value
p-value
15.624
0.007
0.143
0.720

Microstegium vimineum Percent Cover
Values listed in Table 4.9 represent average percent cover of M. vimineum by treatment

plot by site. A logit transformation of the response variable was conducted with proportions of 0
and 1 remapped to 0.025 and 0.975, respectively. This is not to be interpreted as these plots
lacking ground vegetation in entirety, but rather where M. vimineum alone was not present.
Through model construction and ANOVA table (Table 4.10) examination, fire (F-value = 0.096,
p = 0.769) was not statistically significant at the α = 0.10 level. Varying effect of treatments on
M. vimineum percent cover is visually depicted in Figure 4.4.
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Table 4.9

Strawberry Plains Audubon Center (SPAC) and Spirit Hill Farm (SHF)
Microstegium vimineum percent cover (%) and associated standard deviations (st.
dev. %).
Site

Treatment

M. vim. Cover as Plot (%)
(st. dev. %)

Control (NF.NH)
Strawberry Plains Audubon
Center (SPAC)

Fire + No Herbicide (F.NH)

86.25 (8.2 %)

Fire + Herbicide (F.H)

0 (0 %)

No Fire + Herbicide (NF.H)

0 (0 %)

Control (NF.NH)
Fire + No Herbicide (F.NH)
Spirit Hill Farm (SHF)

88.33 (38.4 %)

Fire + Herbicide (F.H)
No Fire + Herbicide (NF.H)

91.25 (6.5 %)
97.00 (20.5 %)
2.50 (2.5 %)
7.50 (13 %)

Values represent averages for the associated treatments across the entire site.

Table 4.10

Fire effect on Microstegium vimineum percent cover following growing season one
treatments.
meanCov
Fire

df
1
1

F-value
p-value
791.936
<0.001
0.096
0.769
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Figure 4.4

Treatment comparisons of four different plots at Strawberry Plains Audubon
Center (SPAC) during peak of growing season one (August 2021).

Photos represent each treatment (NF.NH or control, F.NH, NF.H, and F.H) and their visual
success at reducing Microstegium vimineum populations
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CHAPTER V
DISCUSSION
5.1

Fire
With only one initial burn and one growing season, it is uncertain whether M. vimineum

will eventually exclude hardwood regeneration or if the hardwood seedlings will continue to
survive and grow. However, the results suggest that M. vimineum will continue to dominate these
sites immediately following fire disturbance based on the lack of significant effect of the fire
treatment on either biomass or percent cover of M. vimineum, which does not support the first
study hypothesis. In line with results from previous work (Pomp et al. 2010), the results
presented here support that M. vimineum is capable of dominating other herbaceous vegetation as
evident by the lack of other herbaceous vegetation where there were high percentages of M.
vimineum cover. With this experiment focusing on the early growth stage of the native hardwood
seedlings, the results are not adequate for predicting future trends of these sites and these
seedlings. However, the results from this experiment suggest a fire-invasion feedback between
fire and M. vimineum is possible, similar to fire feedbacks found in previous studies (Rossiter et
al. 2003; Emery et al. 2011; Flory et al. 2012; Flory et al. 2015; Wagner & Fraterrigo 2015).
Statistically, fire did not have a significant effect on the variables examined: seedling
survival, seedling growth, M. vimineum biomass, and M. vimineum percent cover. When
examining survival by treatment, mean survival of all species of hardwood seedlings was
greatest in fire treatments where M. vimineum was absent, but there were no statistically
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significant differences (Figure 4.1). However, fire effects on M. vimineum biomass and percent
cover may become more pronounced with repeated treatments (Flory & Clay 2009; Ward &
Mervosh 2012; Emery et al. 2013). In previous studies, fires prescribed in late spring (June) and
early fall (September) were more effective in controlling M. vimineum populations than fires
prescribed in early spring (March – April) (Glasgow & Matlack 2007; Flory & Lewis 2009;
Ward & Mervosh 2012). Thus, burning in March may have contributed to the lack of impact of
fire treatments on w M. vimineum biomass or cover. This aligns with previous studies that found
spring fires had no effect on end of season biomass of M. vimineum (Emery et al. 2013).
Conversely, Flory and Lewis (2009) found that fall fires applied just before seed set were
effective at controlling for M. vimineum.
Areas invaded with M. vimineum are hypothesized to burn with more intensity,
continuity, consumption, and achieve higher maximum temperatures as a result of its highly
flammable leaf litter created by abundant biomass production paired with slow decomposition
(Flory et al. 2012), which will likely cause greater damage to native trees. The focal hardwood
species are expected to respond differently to increase fire intensity, with the fire-promoting post
and southern red oaks more likely to persist through repeated fires and greater fire intensity in
comparison to sweetgum and red maple. However, the quick recover and resprouting ability of
red maple and sweetgum make them tough species to eradicate with fire – despite them being
deemed fire intolerant in some cases (Kormanik 1990; Brose et al. 1999; Ruswick et al. 2021).
Eventually, periodic fires may reduce M. vimineum populations and subsequently encourage
native pyrophytic hardwood and vegetative species regeneration. Consecutive prescribed burns
may be effective at reducing population numbers of M. vimineum. Based on the varied results in
previous works, this study hypothesizes that applying consecutive prescribed burns during both
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spring and fall seasons would be most effective at controlling M. vimineum. This strategy is
intended to kill above-ground M. vimineum seed before it fully matures, followed by the second
burn to eliminate germinates form the seedbed before they mature. The process will likely need
to be repeated in consecutive years for maximum efficacy.
5.2

Impact of Microstegium vimineum on Seedling Growth and Survival
M. vimineum presence negatively affected hardwood seedling growth and survival,

supporting the second study hypothesis. Repeat herbicide applications (whether in solidarity or
conjunction with prescribed fire for this experiment) were effective in eradicating M. vimineum
from study plots, and plots without M. vimineum showed enhanced growth and survival of the
native hardwood seedlings, agreeing with previous studies that found removal of M. vimineum
corresponded with increased density and survival of native tree seedlings (Flory & Clay 2009;
Beasley & McCarthy 2011). In relation to the focal species of this study, M. vimineum presence
has been found to correlate with reduced stem weight in red maple seedlings when compared to
that of oaks (Marshall et al. 2009). Similarly, Johnson et al. (2015) found that survival and
biomass of mixed hardwood seedlings (including various oaks and red maple) were significantly
greater in areas where M. vimineum was removed. Alternatively, Beasley and McCarthy (2011)
found no differences in survival of sweetgum and other mixed hardwood seedlings in areas
where M. vimineum was removed versus areas where M. vimineum was present. The shade
intolerance of southern red oak and post oak relative to sweetgum and red maple may contribute
to future regeneration hinderance by shade-out in plots with M. vimineum (i.e., non-herbicide
plots). In one growing season, M. vimineum grew tall enough during the peak of the growing
season (as shown in Figure 4.4) to potentially compete with seedlings for light. It is also possible
that M. vimineum was competing more with oaks below ground.
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5.3

Future Research Suggested
The means by which invasive species are removed from sites has been found to

significantly influence the response of native species (Flory & Clay 2009; Beasley et al. 2011).
Previous research has shown fire prescribed during different growth stages of M. vimineum can
have variable impacts on tree regeneration and survival (Flory et al. 2012). Flory & Clay (2010b)
found that plots invaded with M. vimineum resulted in significantly reduced regeneration of
mixed hardwoods (including red maple, sweetgum, mixed-oaks and hickories) from seeds
(especially small-seeded species such as sweetgum), though seedlings already established didn’t
have reduced survival or growth. The inhibition of natural regeneration in Flory & Clay’s
(2010b) study is hypothesized to be a result of the abundant thatch layer that accumulates in
heavily invaded M. vimineum patches. Future studies should test the impacts of fire and time of
burning on germination success of different hardwood species. Even though this study found a
single burn in the spring did not significantly alter M. vimineum cover and biomass, it may have
removed the thatch layer and expose the seed bed for hardwood species that distribute seed in the
spring.
While some studies focusing on the relationship between fire and M. vimineum have
found that fire greatly increased the M. vimineum biomass (nearly 500 % in Flory et al. 2012),
others have found that the impact of fire depends on when in the year burning occurs. The season
of prescribed burn treatments can also affect fire-related tree mortality, particularly if fire
intensity is exacerbated by M. vimineum; Flory et al. (2012) burns resulted in a ~ 50 % reduction
in seedling numbers the spring following fire treatments. These effects are accredited to the
drastic influence M. vimineum had on Flory et al.’s (2012) fire characteristics: in M. vimineum
invaded areas, fires burned much hotter and longer. Future studies should consider the
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interactions not only between fire and M. vimineum, but also the timing of fire application. Fall
burns were found to have no effect while spring burns effective at reducing M. vimineum
populations by Emery et al. (2013), contrasted with Flory & Lewis (2009) which found that fall
burns were most effective at reducing M. vimineum populations. Understanding potential drivers
of these discrepancies in results could be informative for managers.
Replicating the herbicide treatments used in this study to eliminate M. vimineum from
some treatments may not be a practical management control, but herbicide may be useful in
controlling M. vimineum, as exemplified by this study and others (Judge et al. 2005; Flory &
Lewis 2009; Ward & Mervosh 2012; Emery et al. 2013). Timing of herbicide applications in
relation to M. vimineum emergence (post-emergent and combination post/pre-emergent herbicide
applications most effective M. vimineum control applications compared to pre-emergent alone
(Flory 2010)) as well as developmental stage of forest and tree regeneration, can also affect its
success (Flory et al. 2012). For example, post-emergent herbicide applications, when combined
with spring fires, was determined to be the most beneficial treatment combination, in regard to
seedling growth and survival; while fall fires seemed to negate key benefits of pre-emergent
herbicide applications, though still assisted with M. vimineum removal to a lesser extent (Flory et
al. 2012; Emery et al. 2013). Herbicide applications for vegetation eradication, however
effective, can be controversial. Land use regulations at county or state level, land ownership
preferences, watershed concerns, or other forms of public and environmental opposition make
the use of herbicide for M. vimineum control unfeasible in many instances (Ward & Mervosh
2012). Therefore, it would be beneficial to have future research focused on the determining
efficient minimum applications of herbicides and when they should be applied to provide
effective control of M. vimineum.
52

Management of invasive species like M. vimineum in forests is often accompanied with
combination fire and herbicide treatments (Emery et al. 2013). Such combinations are potentially
most successful at removing M. vimineum, while enhancing forest stand structure and species
compositions that provide the best opportunity for advanced pyrophytic hardwood regeneration.
The success of M. vimineum control, whether through prescribed fire and/or herbicide
applications, is most dependent upon repeated applications and intense monitoring. Since timing
of application may alter interactions M. vimineum and desired hardwood seedling germination,
growth, and survival, it would be useful to have further research investigating these interactions.

5.4

Implications for Forest Management and Silviculture
Fire, being essential to the formation and succession of the southeastern United States

deciduous forests, can be either beneficial or detrimental (Emery et al. 2011; Mitchell et al. 2014;
Wagner & Fraterrigo 2015). Fire in these systems is historically natural but fire-disturbed stands
are left vulnerable to invasive species like M. vimineum, which can initiate fire/invasion positive
feedback cycles which can further damage native ecosystems (Flory et al. 2012). Invasive
species like M. vimineum pose great threats to silviculture potential and overall ecosystem
function and diversity (Ehrenfeld 2010; Beasley et al. 2011). Forest managers interested in
restoring forests to more historically natural conditions by-way-of reintroducing fire need to
carefully consider and monitor how those efforts may interact with invasive species like M.
vimineum.
To combat shifts in tree species composition thought to be caused by mesophication,
restoration of each stratum of forest stand structure is likely necessary, specifically by means of
opening the midstory and increasing the amount of light that reaches the forest floor. However,
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such efforts may exacerbate M. vimineum invasions. In addition to active exclusion from the
understory, mid-story manipulation has been suggested to help control M. vimineum populations.
Specifically, encouraging the development of midstory trees in an effort to shade out M.
vimineum (Beasley et al. 2011). However, a possible disadvantage of such strategy could be
furthering processes associated with mesophication and reduced possibility of reintroducing
sustainable fire regimes into these systems which may hinder the regeneration of desired
hardwood species (i.e., Quercus spp.).
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CHAPTER VI
CONCLUSIONS
In conclusion, this study found that M. vimineum negatively impacted planted native
hardwood seedlings’ growth and survival. Specifically, the growth and survival of sweetgum and
southern red oak seedlings were affected less by M. vimineum presence than red maple and post
oak seedings during the first year of growth. Fire, prior to planting, had no significant influence
on seedling growth and survival. A single fall burn did not significantly impact M. vimineum
biomass and percent cover. This study is limited a single burn and one growing season, though
subsequent years of data should provide valuable insight into the interaction between M.
vimineum and fire and the variable effects on different native hardwood species.
Similar applications of fire as means of controlling M. vimineum in other parts of the
eastern US, and the impacts of the invasive grass and fire on other native species would help
clarify how generalizable the result so of this study are. Southeastern deciduous forests long
devoid of natural fire regimes has transformed these landscapes to have thick midstories and
overstory encroachment by mesophytic species. These restoration challenges are exacerbated by
the increasing presence of invasive species like M. vimineum. To conserve, restore, and manage
these forests, adaptive and creative management utilizing prescribed fire and/or herbicide as
methods for invasive species control is likely necessary.
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